KEYWORDS Morphological differentiation; sporulation; cell division; transcriptional regulation. Word count Abstract: 234 Word count Importance Statement 150 Word count text (excluding references, footnotes and figure legends): 4606 1 2 ABSTRACT 2 Streptomycetes are filamentous bacteria that differentiate by producing spore-bearing 3 reproductive structures called aerial hyphae. The transition from vegetative to reproductive 4 growth is controlled by the bld (bald) loci, and mutations in bld genes prevent the formation 5 of aerial hyphae, either by blocking entry into development (typically mutations in activators) 6 or by inducing precocious sporulation in the vegetative mycelium (typically mutations in 7 repressors). One of the bld genes, bldC, encodes a 68-residue DNA-binding protein related to 8 the DNA-binding domain of MerR-family transcription factors. Recent work has shown that 9
with the promoters of two of its previously known targets, whiI and the smeA-ssfA operon. whiI encodes an orphan response regulator that is essential for the later stages of sporulation, 1 4 5 when it forms a functional heterodimer with a second orphan response regulator, BldM, 1 4 6 enabling WhiI to bind to DNA and regulate the expression of ~40 sporulation genes (14) . The 1 4 7 smeA-sffA operon encodes a small membrane protein (SmeA) that recruits a DNA translocase 1 4 8 (SffA) to sporulation septa (18) . Deletion of smeA-sffA results in a defect in spore 1 4 9 chromosome segregation and has pleiotropic effects on spore maturation (18). Schumacher et al. (11) showed that BldC binds to DNA in a head-to-tail fashion at a variable 1 5 1 number of direct repeats. So, for example, in the whiI-BldC structure, there are two direct 1 5 2 repeats resulting in the head-to-tail oligomerisation of two BldC monomers, whereas in the 1 5 3 smeA-BldC structure there are four direct repeats resulting in the head-to-tail oligomerisation 1 5 4 of four BldC monomers. In line with this, our data show a broader BldC ChIP-seq peak at the 1 5 5
smeA promoter compared to the whiI promoter ( Fig. 5 ). Indeed, regions of BldC enrichment 1 7 1 targets with broad ChIP-seq peaks, such as smeA-sffA, cdgE and dynAB, have more ( Fig. S1 ). whiI and the smeA-sffA operon were originally identified as BldC targets in S. coelicolor (11), 1 7 5 but ChIP-seq analysis showed that they are also BldC targets in S. venezuelae (Fig. 5 , Table   1 7 6 1). To assess the regulatory influence of BldC on the whiI and smeA promoters, we 1 7 7 performed qRT-PCR using RNA isolated from wild-type S. venezuelae and the bldC mutant 1 7 8 during vegetative growth (10 hr), when BldC is abundant in wild-type cells (Fig. 6 ). Under 1 7 9 these conditions, expression of both whiI and smeA is significantly higher in the bldC mutant 1 8 0 compared to the wild type. This suggests that BldC functions to repress the transcription of 1 8 1 these developmental target genes during vegetative growth, consistent with the premature 1 8 2 initiation of development seen in a bldC mutant. To gain a global view of the regulatory 1 8 3 impact of BldC, we conducted RNA-seq to compare the transcriptomes of wild-type S. venezuelae and the bldC mutant at 10 hr and 14 hr timepoints, when both strains were still 1 8 5 growing vegetatively (Table S1B ). The RNA was prepared from the same cultures used to 1 8 6 make protein extracts for the BldC Western blotting shown in Fig. 4 . In line with the qRT-1 8 7 PCR data, whiI and smeA showed significant increases in expression in the bldC mutant 1 8 8 compared with the wild type. The smeA and sffA genes form an operon and, consistent with 1 8 9 this, both genes showed similar upregulation of expression at the 10 hr and 14 hr time points 1 9 0 (Table 1 ). In total, 156 of the genes we identified as BldC targets in ChIP-seq showed a 1 9 1 greater than 2-fold increase in expression in the bldC mutant (Table S1C and Fig. 7 ). These 1 9 2 included the key developmental genes sigF, whiD and hupS, which showed a greater than 1 9 3 two-fold increase in expression (logFC >1) in the bldC mutant, compared to the wild type at 1 9 4 both the 10 hr and 14 hr timepoints (Table 1) . qRT-PCR confirmed the upregulation of sigF, 1 9 5 whiD and hupS expression in the bldC mutant relative to the wild type, as was observed for 1 9 6 whiI and smeA (Fig. 6 ). Among the other BldC targets identified by ChIP-seq were a number of genes encoding 1 9 8 members of the Penicillin-Binding Protein (PBP) family, required for the synthesis of peptidoglycan (19, 20) . Our data indicates that the vnz12970 and vnz23255 genes, encoding 2 0 0 Class A high molecular mass (HMM) PBPs and the vnz15130 gene, encoding a low 2 0 1 molecular mass (LMM) PBP, are all targets of BldC (Table 1) . Expression of these PBP-2 0 2 encoding genes is significantly upregulated in a bldC mutant during vegetative growth 2 0 3 compared to the wild type, showing that BldC functions to repress their transcription ( Table   2 0 4 1).
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Peptidoglycan synthesis is required to produce new wall material during cell elongation and 2 0 6 to produce septa during division (21). Most rod-shaped bacteria possess distinct gene-pairs to 2 0 7 control these two processes, a protein of the SEDS (shape, elongation, division, and 2 0 8 sporulation) family and its cognate class B PBP. In E. coli, the RodA-PBP2 and FtsW-FtsI Table 1 ). BldC binds upstream of this gene pair 2 1 2 and both genes show >4-fold increase (logFC >2) in expression in the bldC mutant compared 2 1 3 to the wild type. In Streptomyces, the ftsW-ftsI SEDS-PBP gene pair is specifically required for cell division at 2 1 5 sporulation septa (23). Both genes are found in the division and cell wall (dcw) gene cluster. This cluster encodes many proteins that play critical roles in hyphal polar growth, Closer inspection of the ChIP-seq data showed that BldC binds at multiple positions across 2 1 9 the dcw cluster ( Fig. 8 ), although these peaks all fall just below the significance threshold we 2 2 0 applied (p < E-04) ( Table S1A ). The majority of genes within this cluster show a modest 2 2 1 increase in expression (logFC 0.5-1.5) during vegetative growth in the bldC mutant relative 2 2 2 to the wild type (Table S1D ), suggesting that BldC functions to repress the transcription of cell division during sporulation that we observe in a bldC mutant. Our data also indicate BldC-mediated repression of other genes with critical roles in cell 2 2 6 division and sporulation such as the dynAB operon and ssgB ( Fig. 5 , Table 1 ). dynA and dynB 2 2 7 encode two dynamin-like membrane-remodelling proteins that stabilize FtsZ rings during including FtsZ, SepF, SepF2 and SsgB (13). In S. coelicolor, the actinomycete-specific determining the future sites of sporulation septation (24). Our data indicate that ssgB is a 2 3 3 target of BldC-mediated repression (Table 1) . Strikingly, our RNA-seq data also reveal that large numbers of genes are significantly 2 3 7 downregulated in the bldC mutant during vegetative growth (Table S1B ). Many of these 2 3 8 genes are not direct BldC targets but nevertheless encode proteins important for the formation 2 3 9 of an aerial mycelium, consistent with the bypassing of aerial hypha formation in the bldC 2 4 0 mutant (Table S1D ). For example, for aerial hyphae to break surface tension and grow into 2 4 1 the air, they must be covered in an extremely hydrophobic sheath that is composed of two 2 4 2 families of developmentally regulated proteins, the chaplins and the rodlins. In wild-type S. on plates and during submerged sporulation (14). In contrast, the chp and rdl genes were not 2 4 5 activated during submerged sporulation in the bldC mutant (Table S1E ). In addition to these indirect effects, 91 direct BldC target genes showed a greater than 2-fold 2 4 8 reduction in expression (logFC <-1) in the bldC mutant compared to the wild type during 2 4 9 vegetative growth, implying that BldC functions as an activator of these genes (Table S1E 2 5 0 and Fig. 7 ). Two of these BldC target genes encode the developmental regulators BldM and 2 5 1 WhiH, both of which showed significant down-regulation in the absence of bldC during 2 5 2 vegetative growth in the RNA-seq data (Table 1) , a result confirmed by qRT-PCR ( Fig. 6 ).
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Therefore, BldC functions to activate the transcription of bldM and whiH, which contrasts 2 5 4 with its repression of other key developmental genes (e.g. whiI, smeA, sigF, whiD and hupS) 2 5 5 and the observed premature initiation of development in a bldC mutant. Our ChIP-seq data 2 5 6 coupled with our RNA-seq data also suggest that BldC binds and activates the transcription and Table 1 ). Other noticeable targets of BldC-mediated activation include members of a family of highly 2 6 1 conserved operons, known as the "conservons". Each conservon (cvn) consists of four or five 2 6 2 genes encoding proteins that, based on biochemical studies of Cvn9, may collectively form 2 6 3 complexes of proteins at the membrane with roles in signal transduction (26). Our RNA-seq 2 6 4 data indicate that each of the seven conservons present on the S. venezuelae chromosome 2 6 5 (cvn1, cvn2, cvn3, cvn4, cvn5, cvn7 and cvn9) show a significant reduction in expression 2 6 6 during vegetative growth in the bldC mutant compared to the wild type (Table S1D ). Two 2 6 7 (cvn1 and cvn4) are direct targets of BldC, as determined by ChIP-seq ( Fig. 5 , Table 1 ). The is impaired in aerial mycelium formation (27), collectively suggesting that Cvn1 (and perhaps 2 7 0 other members of the conservon family) may play a significant but as yet undefined role in 2 7 1 Streptomyces differentiation. became clear with the discovery that engineering high levels of this nucleotide second 2 7 5 messenger blocks entry into development, resulting in a classic bald phenotype, whereas 2 7 6 engineering low levels of ci-di-GMP causes precocious hypersporulation (5, 9) . These 2 7 7 phenotypes arise, at least in part, because the ability of the master repressor, BldD, to binding to c-di-GMP (5, 9, 28, 29) . c-di-GMP metabolism therefore plays a critical role in 2 8 0 coordinating entry into reproductive growth. c-di-GMP is synthesized from two molecules of Table 1 ). cdgE is present in at least 90% of Streptomyces strains, suggesting the role of this 2 8 4 DGC will be widely conserved in the genus (30). volatiles that give soil its characteristic earthy odour. Our RNA-seq data show that expression 2 8 8 of the genes required for 2-MIB biosynthesis (mibA-mibB) was significantly reduced in the 2 8 9
bldC mutant compared to the wild type (Table S1B ). Unexpectedly, the mibA-mibB genes 2 9 0 were found to form an operon with eshA. eshA encodes a putative cyclic nucleotide-binding 2 9 1 protein of unclear function that is not required for the biosynthesis of 2-MIB (31-33). The 2 9 2 effect of BldC on mibAB expression is direct. ChIP-seq analysis showed that BldC binds to 2 9 3 the promoter of the eshA-mibA-mibB operon ( Fig. 5 show a similar reduction in expression in the bldC mutant, indicating that BldC serves to 2 9 5 activate transcription of the operon (Table 1) . Canonical bld mutations block entry into development and so the resulting colonies do not a growing class of Bld regulators known to function as a developmental "brake" (8). extending vegetative growth and inhibiting entry into development (5, 9, 28, 29) . Because a degradation of c-di-GMP in vivo also causes a precocious hypersporulation phenotype like 3 1 5 that of a bldD null mutant (9). the bldO mutant arises from premature expression of whiB, and in line with this, constitutive 3 2 0 expression of whiB alone is sufficient to induce precocious hypersporulation in wild-type S. when WhiB is present (15, 17) . This is because WhiA and WhiB function cooperatively and 3 2 5 in vivo DNA binding by WhiA depends on WhiB, and vice versa (17). As a consequence, the 3 2 6 regulation of whiB expression is key in controlling the switch between hyphal growth and 3 2 7 sporulation. This critical role for WhiB is reflected in the extensive developmental regulation to which whiB transcription is subject, being directly repressed by BldC, BldD (28) and BldO 3 2 9 (7), and directly activated by BldM (16). BldC-family members radiate throughout the bacterial domain. Interestingly, some BldC with the structural similarity observed between BldC and Xis (11, 34) . Xis is a DNA 3 3 4 architectural protein that mediates the formation of a nucleoprotein complex required for the have positive or negative effects on the activity of its target promoters (41). Fis does not bind 3 4 9 a ligand and it is not known to be controlled by post-translational modification. Instead, its 3 5 0 influence appears simply to reflect Fis protein concentration, which is high in early log phase 3 5 1 but low at other growth stages. In the future, it will be interesting to determine if the activity 3 5 2 of BldC is controlled post-translationally, or whether BldC function is more akin to that of 'Redirect' PCR targeting (42, 43) , bldC mutants were generated in which the coding region essentially as described previously (7, 12, 13) . Before imaging, fresh S. venezuelae spores for Imaging was conducted using a Zeiss Axio Observer.Z1 widefield microscope equipped with experiments, multiple x/y positions were imaged for each strain and in each experiment. Representative images were transferred to the Fiji software package (http://fiji.sc/Fiji), 3 9 9 manipulated and converted into the movie files presented here, as described previously (12). Supplemental Materials and Methods (Text S1). We are grateful to Ray Dixon and Charlie Dorman for helpful discussion, and to Genewiz for A 105:7422-7. 130:8908-9. 
